[1] We report on the transient strong flow shear (large northward/southward electric field) events accompanied by energetic ion beams and localized field-aligned currents observed at the boundary of the premidnight plasma sheet by Cluster in the Northern Hemisphere and Geotail in the Southern Hemisphere. The events took place associated with plasma sheet expansion during a substorm interval, with the main positive bay onset at 1155 UT on 10 October 2001. Typical timescales of these events were 1-5 minutes. Cluster multipoint analysis showed that the field-aligned currents consist of upward and downward current layers, the latter located at the outermost edge of the plasma sheet and concentrated in a region with a thickness of 1600 km. Low-energy proton flow suggested that the electric field was southward at the outer part and northward at the inner part, with a magnitude exceeding 10 mV/m. The electric field reversal region also corresponds to the boundary between beam-like electrons and more isotropic electron distributions. Geotail observed corresponding plasma and field disturbances simultaneously inside the plasma sheet. We suggest that the strong bipolar electric fields could be related to the Hall effect of the transient reconnection process tailward of Cluster and Geotail and to the leading edge of the plasma flow jetting Earthward from the reconnection region.
Introduction
[2] The dynamics of plasma sheet in the region between 6 and 15 R E during substorms are expected to be controlled both by current wedge signatures near the inner magnetosphere and by processes associated with nearEarth reconnection around 20 R E . Statistical studies showed that the plasma sheet expands associated with substorm onset in the region Earthward of 15 R E [Hones et al., 1984; Baumjohann et al., 1992] . At expansion onset the magnetic field returns to a more dipolar configuration within a longitude range that is spanned by the substorm current wedge and the plasma sheet expands. Formation of the reconnection region also results in dipolarization at the earthward side of the reconnection region via pile up of the magnetic flux [Birn and Hesse, 1996] .
[3] Multiple impulsive plasma structures with timescale of minutes have been identified near the boundary of the plasma sheet during substorm plasma sheet expansion in the midtail [e.g., Sergeev et al., 1992] as well as closer to the Earth [Sauvaud et al., 1999; Sergeev et al., 2000] accompanied by energetic ion beams. From the observed energy dispersion of the ion beams, the latter studies have shown that these events represent direct snapshots of the ion acceleration process in the equatorial plasma sheet at radial distances of 7 -40 R E . The impulsive events during substorms are considered to reflect the impulsive nature of the reconnection [Sergeev et al., 1987] . Transient features were also detected in the large impulsive electric field signatures at 4 -7 R E by Polar [Wygant et al., 2000; Keiling et al., 2001] .
[4] Recent Geotail observations showed a systematic field aligned current pattern in the inflow/outflow region close to the reconnection region as consequence of the Hall current closure in the magnetotail reconnection [Nagai et al., , 2003 . The same sense of field-aligned currents have been observed at the outer edge of the plasma sheet boundary during dipolarization away from the reconnection site, suggesting that current closure takes place in a more global scale contributing to magnetosphere-ionosphere (M -I) coupling Ueno et al., 2002] . In order to identify the origin of these transient features, it is essential to determine their spatial and temporal scale.
[5] Between 1200 and 1300 UT on 10 October 2001, when Cluster was approaching the plasma sheet from the northern lobe at 22.5 -23 MLT, Geotail traversed the southern lobe and plasma sheet near the same MLT sector during substorm plasma sheet expansion. Multiple impulsive transient structures were identified at both spacecraft. In this study we examine the temporal and spatial structure of an impulsive event in detail, using Cluster four-point observation to compare with the impulsive reconnection scenario. Furthermore, interhemispheric observations from Geotail/Cluster allow us to discuss the large-scale evolution of the plasma sheet during the expansion.
Plasma Sheet Expansion
[6] Figure 1 shows the location of the orbit of Geotail and Cluster in the X-Y plane and the X-Z plane in the geomagnetic solar magnetospheric coordinate (GSM) system. Unless noted we use GSM for the following plots. At 1300 UT, Cluster was located X = À10.1, Y = 7.2, Z = 5.3 R E , while Geotail was located X = À7.5, Y = 3.7, Z = À3.3 R E . Thus all the satellites were located in the premidnight sector with the foot point of the field line in the local time sector of the Kakioka station (geomagnetic latitude 26.6°geomagnetic longitude 207.8°). Closest approach between Cluster and Geotail took place around 1200 UT. During this time interval, multiple intensifications of a substorm took place. We referred to the magnetogram from Kakioka at premidnight and Victoria (geomagnetic latitude 54.3°geomagnetic longitude 296.6°) at postmidnight for midlaltiude positive bay activities. Positive bay intensifications were identified at 1118, 1155, 1220, 1238, and 1255 UT at least at one of the stations. Most pronounced onsets were at 1155 UT and 1238 UT, in which both Cluster and Geotail observed dipolarization signatures [Nakamura et al., 2004] . Here we examine the plasma sheet expansion around 1238 UT event in detail when short timescale magnetic fluctuations were followed by plasma sheet encounters. Relative location of the four Cluster spacecraft to the reference spacecraft (SC3) in the X-Y plane, the X-Z plane, and the Y-Z are shown in the bottom three panels for 1240 UT. SC 1 was the most northern satellite, SC 3 was the most earthward, and SC 4 was the most tailward and equatormost one.
[7] Cluster observations from the fluxgate magnetometer (FGM) experiment [Balogh et al., 2001] and from the Composition and Distribution Function Analyser (CODIF) of the Cluster ion spectrometry (CIS) experiment [Rème et al., 2001 ] between 1235 and 1250 UT are shown in Figure 2 . Spin-resolution (4 s) data of the X, Y, and Z components of the magnetic field from all four spacecraft, and proton density from SC 1, 3, and 4, are shown in the four upper panels. Cluster was in the lobe until the transient enhancement of the density owing to the encounter of the boundary of the plasma sheet associated with the 1238 UT onset. The proton beta (not shown) first exceeded 0.1 at 1240 UT. The plasma sheet encounter was also associated with fluctuating magnetic field signatures and enhanced difference in the fields among different spacecraft, as can be seen in the spread of the magnetic field traces. Hence the gradient scale of the field has changed. These short timescale magnetic fluctuations accompanied step-like enhancement of B Z around 1240 UT, a signature of dipolarization. all satellites returned to the lobe. A similar bipolar feature in B Y was again observed at the next plasma sheet encounter at 1242 UT in SC 3 and 4 and only positive B Y in SC 1. The time difference between the northernmost SC 1 and the southernmost SC 4 for the second plasma sheet encounter was about 4 min. This time difference therefore comes most likely from the northward motion of the plasma sheet boundary and its embedded field-aligned currents (current flowing mainly in the X direction) owing to plasma sheet expansion, which is confirmed by Geotail observation at the Southern Hemisphere, as will be discussed later.
[8] Signatures of the currents can be further identified from the linear estimation of r Â B using the reciprocal vectors of the Cluster tetrahedron [Chanteur, 1998 ] as shown in Figure 2e . The ratio between r Á B and r Â B is shown in Figure 2f . For straight current tubes the statistical behavior of r Á B/jr Â Bj looks the same as D J/J, which gives justification of the use of r Á B/jr Â Bj as an indicator of the quality of the physical coverage if the measurement errors can be neglected or of the measurement error if the current structure is homogeneous [Robert et al., 1998 ]. Although no one-to-one correspondence exists between r Á B/jr Â Bj and DJ/J [Robert et al., 1998 ], r Á B/ jr Â Bj can be used to monitor (indirectly) the effect of nonconstant gradients in the magnetic field structures [Dunlop et al., 2002] . In Figure 2 , a positive-then-negative spike in the X component of r Â B, significantly larger than r Á B, can be seen during the first plasma sheet encounter. This indicates a pair of downward and upward field-aligned currents. The current density value, which is a linearly interpolated current density over the Cluster tetrahedron scale, shows that maximum upward current density exceeds that of downward current density.
[9] Figure 3 shows proton energy spectra and pitch angle distribution of high-energy (10 -40 keV) and low-energy (40 eV to 5 keV) protons for Cluster SC 1 and SC 4 between 1235 and 1250 UT. Two different components can be seen in the energy spectra panels when the spacecraft encountered the plasma sheet, most clearly for SC 4. One is a high-energy (>10 keV) component which is mainly streaming Earthward until 1243 UT with some tailward streaming component between 1243 and 1247 UT for SC 4. Eventually, the distribution becomes a more isotropic plasma sheet-type distribution. Features of energy dispersion can be also seen for the high-energy component, particularly after 1243 UT. If we interpret these dispersion as time-of-flight dispersion (TDIS) [Sauvaud et al., 1999] , the source location of the ion injection event around, say, 1244 UT, would be located at a radial distance of $25 R E from the Earth. SC 1, which is the northernmost spacecraft, also detected the high-energy Earthward beams and subsequent bistreaming components but much weaker than at SC 4. The other population detected at both SC is a more diffuse component up to several keV which is mainly moving perpendicular to the field at least until 1244 UT.
[10] Figure 4 shows data from the Geotail magnetic field (MGF) [Kokubun et al., 1994 ] and low-energy particle (LEP) [Mukai et al., 1994] experiments. X, Y, and Z components of the 3-s averaged magnetic field data and energy spectra for sunward, duskward, tailward, and dawnward flowing components of the ions and sunward flowing electon spectra are plotted from top to bottom. Geotail also stayed initially in the lobe. After 1227 UT, enhanced keV electrons appear followed by high-energy ions ($40 keV) at 1230 UT, indicating the encounter of the boundary region of the plasma sheet. Ion beta reached 0.1 at 1249 UT (not shown). Plasma sheet entry in both hemispheres confirm the expansion of the plasma sheet. Similar to Cluster observation, Geotail observed magnetic field fluctuation associated with the appearance of the 40-keV ions but about 10 min earlier than Cluster (indicated by the dotted vertical line). Like the Cluster case, the largest perturbation was in the B Y component. Note that a larger positive B Y excursion started around the time of the Cluster plasma sheet encounter.
[11] If we simply estimate the velocity of the plasma sheet expansion from the 10 min delay between Cluster and Geotail, which are located at 5.0 and À3.4 R E relative to the nominal neutral sheet location [Lopez, 1990] , the velocity of the plasma sheet expansion would be 1.6 R E /10 min = 17 km/s. This velocity is too low compared with the velocity of the expansion obtained at the Cluster location as will be discussed in the next section. It is therefore more reasonable to interpret the plasma sheet encounter of Geotail and Cluster as being due to two separate plasma sheet activations. In fact, associated with the Geotail plasma sheet encounter, Cluster observed the start of low-frequency wave activity in the lobe (not shown), which supports the interpretation of two separate activities.
[12] Geotail spectra also show several traces of highenergy components and the low-energy component as were observed in Cluster. Since the instrument mode allows only two-dimensional (2-D) measurements, we cannot present pitch angle spectra. Yet, the high-energy component is initially (1231:11 UT) Earthward with a small duskward component, followed by counterstreaming features later, similar to the Cluster traces. More energydispersed traces in the Geotail panels are visible as compared with Cluster. This is possibly caused by the different species mixed in the Geotail electrostatic analyzer spectra. In fact, Cluster observed O + ions with up to 25% of the proton density (0.05/cc) in the plasma sheet boundary layer (not shown).
[13] In the following, we examine the temporal and spatial structure of the boundary of the plasma sheet during the second plasma sheet expansion when both Geotail and Cluster observed similar magnetic field perturbation by analyzing the transient structure starting around 1240 UT. [14] In order to analyze the structure of the Cluster transient event at 1240 UT in detail, we use a new coordinate system which refers to the direction of the average field and also the major magnetic disturbance. Since Cluster was located in the premidnight Northern Hemisphere, the field is directed mainly along B X with some tilt toward the ÀY direction, as can be seen in the Figure 2 . Large perturbations, on the other hand, are mainly in B Y , embedded in a weak dipolarization (steplike enhancement) mainly in B Z . We define the new coordinate system X 0 , Y 0 , and Z 0 as following. X 0 is the 3-min averaged magnetic field over the four spacecraft before the perturbation (1236 and 1239 UT). The direction of the main perturbation is obtained from a maximum variance analysis of the magnetic field. Z 0 is orthogonal to the maximum variance direction, M, and to X 0 and therefore Z 0 = X 0 Â M. Finally, Y 0 closes the right-hand coordinate system, Y 0 = Z 0 Â X 0 , and gives the main disturbance direction perpendicular to the average field. For M, we use the maximum variance direction obtained from SC 3 and 4, M 3 and M 4 , using data from 1239 and 1242 UT. We used only SC 3 and 4 data because only these two spacecraft observed bipolar disturbances suggesting that they traversed larger region of the current layers. Table 1 summarizes the different directions discussed above. We also used the time difference of the peak in B Y of the four spacecraft to determine the direction of the propagation of the B Y disturbance, N mag . The velocity and M is close to Y 0 suggests that we can assume a nearplanar field-aligned current sheet structure passing the spacecraft.
Particle and Field Properties During the Transient Event at 1240 UT
[15] Figure 5 shows the X 0 , Y 0 , and Z 0 components of the magnetic field and the proton density together with the relative location of the SC in the rotated coordinate system. The first plasma sheet encounter of SC 3 and 4 around 1240 UT occurred about 30 s earlier than SC 1 and 2. The vertical line indicates the peak in B Y 0 of SC 3 at 1240:22.5 UT. A bipolar perturbation can be seen in the B Y 0 trace in SC 3 and 4, while only positive B Y 0 can be seen in SC 1 and 2. After the transient entry of the plasma sheet between 1240 and 1241:30 UT, all satellites returned to the lobe. Note that SC 1 was the northernmost space- craft. The timing of the start of the B Y 0 disturbance at the four spacecraft, which has the same ordering as the Z 0 location of the spacecraft, and the observed two different profiles, i.e., bipolar B Y 0 at the southern two spacecraft and a positive B Y 0 disturbance at the two northern spacecraft, suggest that a field-aligned current system (current flowing mainly in the X direction) moved northward together with the temporal expansion of the plasma sheet. Until around 1240:35 UT, all spacecraft showed negative trends in B X 0, and therefore the spacecraft motion was toward the center of the plasma sheet. The positive B Y 0 trend indicates a downward current, while the negative trend indicates an upward field-aligned current. Hence the observed current system consists of a pair of currents, downward at the outer edge and upward on the equatorward side, as was also identified in r Â B (Figure 2) . Such a pair of field-aligned currents was also observed near the vicinity of the reconnection site tailward of the satellite (in Figures 7 and 9 of Nagai et al.
[2003]).
[16] Figure 6 shows the X 0 , Y 0 , and Z 0 components of the velocity perpendicular to the field calculated using the proton flux with energies between 40 eV and 5 keV from SC 1, 3, and 4. The energy limits allow us to avoid the two mixed-in components (high-energy beam and the lowenergy background) in the moment calculation. Yet, for this particular event, there is no significant difference in the perpendicular velocity due to this limits in the energy used for moment calculation, since the energetic ions are mainly streaming field-aligned in X direction. Here the moment is shown only when the density was exceeding 0.01/cc so that enough counts are obtained for a valid moment calculation. It is interesting to note that a strong shear flow mainly directed in the Y 0 direction was identified associated with the perturbation in B Y 0 shown in Figure 5 . This corresponds to a strong north-south electric field (several tens of mV/m). As can be seen in the profile of SC 3 and 4 before 1240:30 UT and the one of SC1 after 1240:30 UT, there is southward field at the outer side (or closer to the lobe). On the other hand, the profile of SC 3 and 4 shows that the electric field is directed northward at the inner side (or closer to the plasma sheet).
[17] Energy spectra of electron data from the Plasma Electron and Current Experiment (PEACE) [Owen et al., 2001] are shown in Figure 7 during the same time interval as Figures 5 and 6 . The upper four panels show the 90°pitch angle from the four spacecraft. Enhancement in several keV electrons can be identified for all the four spacecraft, with the longest enhancement for SC4 as expected from the magnetic field and proton signatures. Plots of pitch angle distribution for selected time sequences, which are indicated in the time axes, are also shown for SC 4. The pitch angle distribution obtained once for each spin from the 13 onboard channels (covering 0 to 180°pitch angle) are plotted in the panel. The left and right-half of each panel are mirror images of the output of these channels. At 1240:09, which is two spins before the enhancement in the 90°electrons, a narrow 180°(tailward) beam started (Figure 7e ), became stronger, and increased in energy from 200 eV to up to 1 keV by 1240:17 (Figure 7f ). Accompanied by the tailward electrons, a slightly more energetic (2 -3 keV) Earthward population with broad distribution started from 1240:13 and can be seen until the 1240:17 spin (Figure 7f ) . A more isotropic few keV population is observed after the 1240:21 spin (Figure 7g ) until the 1241:06 spin. Overlapped with the background isotropic population, tailward beam, and enhanced Earthward population were also observed intermittently as will be described later. Before the spacecraft went out into the lobe, a tailward beam of several hundred eV was again observed, as shown in 1241:14 UT spin plot (Figure 7h) .
[18] Relationships between the narrow tailward beam, the broad Earthward beam, and the isotropic population of electrons among the different spacecraft relative to the magnetic field perturbation and the energetic proton beam is shown in Figure 8 . It can be seen that the tailward narrow electron beam tends to be the outermost population followed by the Earthward broad populations. During the positive B Y perturbations, mainly these two population are observed, while an isotropic population is observed during the negative B Y period. The beams were more intense and energetic during the plasma sheet encounter compared to the exit, indicating that the event is not just the satellite entering and exiting a spatial structure, but includes temporal features.
[19] The velocity of the electron plasma sheet boundary can be obtained also from a timing analysis of the density changes at the plasma sheet boundary using data from all four spacecraft [Owen et al., 2001] . Here the boundary is assumed to be planar and to move with a constant velocity. The obtained direction of the boundary motion, N ele , is also given in Table 1 . As expected, N ele is directed very close to the vectors determined from the magnetic field perturbations, N mag and Z 0 . The velocity obtained from PEACE was 97 km/s, which is comparable with the velocity determined from the timing analysis of the magnetic field. This indicates that the current sheet structure is oriented along the boundary of the electron plasma sheet. For the exit of the plasma sheet proper, the direction and speed of the boundary were estimated as [0.33, 0.45, À0.83] and 80 km/s. The normal direction is thus changed to more north-south aligned, which again shows that characteristics of the electron boundary are different for entry and exit of the plasma sheet, most likely due to temporal change as will be discussed later.
[20] Geotail ion flow perpendicular to the field, the Z component of the ÀV Â B field, and the density are shown between 1225 and 1250 UT in Figure 9 . As discussed before, Geotail encounters the boundary of the plasma sheet earlier than Cluster, around 1230 UT. During the encounter of the plasma sheet boundary there is negative then positive perturbation in V Y , which corresponds to an electric field directed toward the neutral sheet (northward) and then directed toward the lobe (southward). This sense is the same as was observed at the northern edge of the plasma sheet at Cluster. During the Cluster Figure 7 . Energy spectra of electron data from the Plasma Electron and Current Experiment (PEACE). The upper four panels show the 90°pitch angle from the four spacecraft. Plots of pitch angle distribution for selected time sequences, which are indicated in the time axes, are also shown for SC 4. plasma sheet encounter at 1240 UT, on the other hand, Geotail was in the plasma sheet and observed southward electric field which is the same sense as Cluster observed at the region of isotropic electron population. The large B Y excursion at Geotail in the Southern Hemisphere also suggests that the spacecraft encountered an upward fieldaligned current region nearly simultaneously with the Cluster observations. After 1242:20 UT the electric field polarization turned northward associated with the appearance of more energetic particles, suggesting further inward motion of the spacecraft. Geotail observations therefore suggest that another flow shear structure may exist inside the plasma sheet. It should be noted, however, that the Geotail moments are based on electrostatic measurement and thus are a mixture of protons and other species and are calculated on board using data from all the energy ranges. Thus we cannot make any quantitative comparison of the electric fields between Geotail and Cluster. Yet we can expect that the direction of the perpendicular velocity will give a consistent result in the plasma sheet boundary layer region. This is because the low-energy ions have a significant component perpendicular to the field, whereas the more energetic ions consist of intense field-aligned beams which cannot contribute to the moment significantly for perpendicular direction to the field. We confirmed this by examining the profile of the distribution function of Geotail. The phase space density of the low-energy population was at least a factor of 100 larger than that of the beams or isotropic energetic population and the flow of low-energy ions had significant component perpendicular to the field aligned beam. Therefore high-energy beam components cannot significantly contribute to the moment along the flow direction of the low-energy population. Furthermore, these results from Geotail moment calculation was also confirmed from a comparison between moments obtained by the Cluster CODIF and HIA sensors, in which the latter sensor is sensitive to all the species similar to the Geotail sensor.
Discussion
[21] A fortuitous constellation of Geotail and Cluster near the same local time allowed to monitor the plasma sheet expansion at both hemispheres. The importance of interhemispheric observations to detect plasma sheet expansions have been discussed by Nakamura et al. [2004] . Multiple transient plasma sheet expansion features involving both hemispheres have been reported by Sergeev [1992] based on energetic ion beam observations. These transient events during substorms showed signatures consistent with the idea of impulsive reconnection in the midtail region [Sergeev et al., 1987] . Our observation also showed energetic ion beams at Geotail, which was located more inside the plasma sheet, nearly simultaneously with Cluster at the boundary of the plasma sheet. The observed process therefore involves dynamics inside the plasma sheet and suggests near-Earth reconnection rather than the distant tail reconnection process. The ion features in this study are therefore different from the velocity dispersed ion structure (VDIS) [Zelenyi et al., 1990] which require more stable conditions than during transient substorm plasma sheet expansion.
[22] From Cluster four spacecraft observations we can obtain the temporal and spatial scale for the transient events at 1240 UT. First we consider the spatial scale of the transient structure. From the timing analysis of particle and field measurements as well as maximum variance analysis we have shown that the initial disturbance of the transients (or the encounter of the plasma sheet boundary) can be described as a planar structure along the boundary of the electron plasma sheet and downward and upward current along the boundary (or the average magnetic field). That is, a plasma structure with scale size along the boundary plane much larger than the Cluster tetrahedron scale, 2000 km, crossed the spacecraft with a velocity of $100 km/s. On the other hand, the field-aligned (or boundary-aligned) current scale perpendicular to the boundary contains finer structures with spatial scale comparable to or smaller than the Cluster tetrahedron. The estimation of the linear gradient shown in Figure 2 indicates that the downward fieldaligned current was observed for 16 s, indicating the thickness of the downward current region to be 1600 km. This is comparable to the Cluster distance across the plane (see Figure 5) . The real downward current region, however, may be even thinner, considering the fact that the tailward electron beam region which corresponds to the field-aligned current region [e.g., Fujimoto et al., 2001 ] was identified only during 1 -2 spin periods, i.e., 400-800 km thick. Considering the fact that the density in this region was less than 0.05/cc and therefore the ion inertia length was larger than 1000 km, we can confirm that the downward current region has a spatial scale comparable to or even smaller than the ion inertia length, as expected in the scenario obtained from the Hall effect associated with reconnection by Fujimoto et al. [2001] . We cannot measure the thickness of the upward current region, on the other hand, because there is not enough evidence to confirm that Cluster traversed the whole area of the upward field-aligned current region during this transient event. Yet, considering the fact that Geotail, which was estimated to be 1.6 R E closer to the neutral sheet, also observed the relevant disturbance, suggests that this current system may involve regions deeper inside the plasma sheet. It should, however, be noted that Geotail magnetic field disturbances also indicate that the upward field-aligned current system was confined to the outer region of the plasma sheet and therefore did not involve the inner magnetospheric region.
[23] The clearest evidence that this plasma sheet encounter is related to temporal evolution rather than just up and down motion of a steady plasma sheet boundary layer is the fact that the particle and field-aligned current structures discussed in the previous section cease to exist when the spacecraft exit the plasma sheet. This is not because of a quicker boundary motion but rather because the structure of the boundary detected during the plasma sheet encounter disappeared. Consistently, the magnetic and electric field perturbation seized before the lobe exit as can be seen in Figures 5 and 6 . Therefore the timescale of this transient boundary is less than the observed transit time of the plasma sheet boundary layer but long enough to identify the field-aligned current structure, which gives a timescale of $1 min for this particular event. Cluster as well as Geotail experienced several of these minute-scale events as was shown in Figures 2, 3 , 4, and 9. Although it is difficult to determine the timescale accurately for the other transients, perturbation seems to vary between 1 and 5 min based on these figures.
[24] Figure 10 summarizes the observed characteristics of Cluster and Geotail during the encounter between 1240 and 1241 UT and illustrates the possible relationship to the reconnection region. As discussed above, the observation suggests that the scale size of the downward current is comparable to the ion inertia length so that it plausibly connects to the near-Earth X line and is driven by Hall effects in the reconnection region as proposed by Fujimoto et al. [2001] . Consistent with the electric field found in the vicinity of the ion diffusion region [Nagai et al., 2003] , southward electric field was observed by Cluster. An outward electric field (northward in the Northern Hemisphere and southward in the Southern Hemisphere) equatorward of that sheet was observed by Cluster and Geotail in the region of upward field-aligned current, corresponding to the outflow region of the reconnection. How can these electric fields be explained? If we further consider the decoupled ion-electron motion, anti-sunward electric field is created at the leading front of reconnection jets as a result of electrons moving with the field and unmagnetized ions. In fact, such a field has been shown in a hybrid simulation result [Nakamura et al., 1998 ] and relevant field-aligned current system with upward field-aligned current inside of the downward current have been discussed in a Hall-MHD simulation result [Yamade et al., 2000] .
[25] Large flow shear colocated with the B Y shear near the boundary of the plasma sheet has been also predicted in global MHD simulations [Birn and Hesse, 1996] because of the pressure gradient created as a consequence of the reconnection jet interacting with the ambient field. This will explain well the dynamics of the upward field-aligned current and duskward flow shear (northward electric field) region in our observation. Upward field-aligned current has also the correct sense of the current wedge in the premidnight sector. Yet for the observed thin layer of the southward electric field (or dawnward flow) and downward current, an explanation including the effect of ion-electron decoupling would be more plausible.
[26] While ISEE electric field observations of transient events [e.g., Sergeev et al., 1992] were only seen in the dawn-dusk electric field due to instrumental constraints, Polar observed large north-south electric field (>20 mV/m for a 6-s average) in the region between 4 and 7 R E from the Earth [Wygant et al., 2000; Keiling et al., 2001] . Statistical studies of large electric fields showed largest fields predominantly near the boundary of the plasma sheet with a major component perpendicular to the boundary (northsouth electric field) [Keiling et al., 2001] . Wygant et al. [2000] interpreted the electric field profile as temporal variation due to Alfven waves with Poynting flux of typically 1 -2 erg/cm 2 /s directed mainly Earthward. A typical value of the Poynting flux for the transient event in this study was 0.1 erg/cm 2 /s, also directed Earthward. This corresponds to 0.8 erg/cm 2 /s at the Polar observing region (B = 400 nT). Our observation therefore could be the counterpart of the large impulsive electric fields observed by Polar. In fact the downward current layer corresponds to about 70 km wide in the latitudinal direction at ionospheric altitude, which falls within the range of the spatial scales discussed by [Wygant et al., 2000] .
[27] The ratio of E Z /B Y to the local Alfven speed ranges between 0.2 and 3, while its ratio to 1/m 0 S P is 4-14 (12-49) if the height-integrated Pedersen conductivity, S P , is taken to be 3 S (10 S), which is a lower (higher) quartile value obtained by EISCAT [Davis and Lester, 1999] . These values therefore suggest that the disturbance can be rather interpreted as an Alfven wave-like structure than a steady-state electric field structure, consistent with the suggestion by previous studies [Wygant et al., 2000; Yamade et al., 2000; Fujimoto et al., 2001; Ueno et al., 2002] that the effects of reconnection, such as the Hall/ field-aligned current (FAC) system can be observed away from the reconnection site via propagation of Alfven waves. Yet the variations include also the outer edge of the PSBL where the corresponding ionospheric conductivity can be very small so that the thin outer layer may be related to a static structure. This interpretation, however, needs an established circuit of the Hall/FAC current including the ionosphere which cannot be distinguished observationally [Ueno et al., 2002] . In order to identify spatial/temporal change associated with Alfven wave-like structure, it is essential to know the location of the plasma sheet boundary layer and its motion [Wygant et al., 2000] . Although four-point measurements can identify temporal and spatial change better than a single-point measurement, these parameters cannot be obtained continuously during this event because of the enter-and-exit motion of the Cluster relative to the boundary, and it is not possible to discuss more detailed spatial/temporal variation, except for the thickness of the outer current layer with the assumption that the spatial structure consisted throughout the time of the B Y , E Z disturbances.
Conclusion
[28] Simultaneous observations in the northern and southern lobes and the plasma sheet during substorm intensifications between 1100 UT and 1300 UT on 10 October 2001 were presented using Cluster and Geotail field and plasma data. Conjugate observations enabled us to monitor the global reconfiguration of the tail, while the four Cluster spacecraft could monitor the detailed structure and propa- gation of the disturbances. The plasma sheet encounter involved interhemispheric large-scale, field-aligned current but also contained transient field disturbances. Significant contribution from the flow in the Y direction (or electric field in Z direction) were observed. From four-spacecraft analysis we could, for the first time, identify the temporal and spatial scale of the transient current and field structure. The observations support the idea that the PSBL signatures reflect transient reconnection with significant contributions due to Hall effect of the diffusion region.
